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a b s t r a c t
Germ band retraction involves a dramatic rearrangement of the tissues on the surface of the Drosophila
embryo. As germ band retraction commences, one tissue, the germ band, wraps around another, the
amnioserosa. Through retraction the two tissues move cohesively as the highly elongated cells of the
amnioserosa contract and the germ band moves so it is only on one side of the embryo. To understand
the mechanical drivers of this process, we designed a series of laser ablations that suggest a mechanical
role for the amnioserosa. First, we ﬁnd that during mid retraction, segments in the curve of the germ
band are under anisotropic tension. The largest tensions are in the direction in which the amnioserosa
contracts. Second, ablating one lateral ﬂank of the amnioserosa reduces the observed force anisotropy
and leads to retraction failures. The other intact ﬂank of amnioserosa is insufﬁcient to drive retraction,
but can support some germ band cell elongation and is thus not a full phenocopy of ushmutants. Another
ablation-induced failure in retraction can phenocopy mysmutants, and does so by targeting amnioserosa
cells in the same region where the mutant fails to adhere to the germ band. We conclude that the
amnioserosa must play a key, but assistive, mechanical role that aids uncurling of the germ band.
& 2013 Elsevier Inc. All rights reserved.
Introduction
Germ band retraction is a dynamic stage of Drosophila develop-
ment, for which the cell and tissue movements have been well
described (Campos-Ortega and Hartenstein, 1997; Schöck and
Perrimon, 2002), but the cellular mechanics remain largely
unknown. Two epithelia on the surface of the embryo, the germ
band and the amnioserosa, move dramatically in concert. At the
beginning of retraction, the germ band covers most of the dorsal
and ventral surfaces of the embryo, curling around its posterior end.
Other than a thin bridge over the dorsal surface, the amnioserosa is
constrained to the two lateral surfaces of the embryo (Fig. 1A). As
retraction proceeds, the two tissues move together as the germ
band unfolds and the amnioserosa moves dorsally (Fig. 1B). By the
end of retraction, the amnioserosa occupies a teardrop shape on the
dorsal surface of the embryo, with the surrounding germ band on
the lateral and posterior surfaces (Campos-Ortega and Hartenstein,
1997; Schöck and Perrimon, 2002). During these tissue movements,
individual cells change shape in a complementary fashion. Cells in
the amnioserosa shorten their long axis; cells in the germ band
elongate towards the amnioserosa, especially those in the closest
few rows (Schöck and Perrimon, 2002). Germ band retraction is also
accompanied by the formation of distinct furrows between the
twelve germ band segments, T1–T3 and A1–A9, as labeled in
Fig. 1A,B (Campos-Ortega and Hartenstein, 1997; Hartenstein,
1993; Schöck and Perrimon, 2002).
Here, we investigate these tissue motions and accompanying
cell shape changes in terms of the underlying cell- and tissue-level
mechanical forces. In particular, does one tissue mechanically
drive the other tissue's motion? To investigate this question, we
tested two extreme alternative hypotheses. In the ﬁrst, the
amnioserosa plays an active and dominant mechanical role in
driving the motion of both tissues, leaving the germ band to
reshape passively. In the second, cell shape changes in the germ
band are active and mechanically autonomous. Our results suggest
that the mechanical interactions are more subtle. Many of the cell
shape changes in the germ band are mechanically autonomous,
but complete unfurling of the germ band clearly requires a
mechanical assist from the amnioserosa.
Previous work has shown the importance of the amnioserosa
for germ band retraction (Frank and Rushlow, 1996; Lamka and
Lipshitz, 1999; Schöck and Perrimon, 2002; Yip et al., 1997), but its
exact role has not been clear. In a set of mutations where the
amnioserosa undergoes premature apoptosis (u-shaped, serpent,
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hindsight, and tail-up), germ band retraction fails (Frank and
Rushlow, 1996). Although these phenotypes imply a role for the
amnioserosa in retraction, hindsight mutants can be rescued to an
almost wild type morphology by overexpressing a protein that is
only found in the germ band (Lamka and Lipshitz, 1999). This
suggests a role for the amnioserosa as a source of biochemical
signals. In contrast, other research points to a more mechanical
role. For example, germ band retraction fails when constitutively
active or dominant negative rhoA constructs are expressed in the
amnioserosa to disrupt its actomyosin contractility (Schöck and
Perrimon, 2002). Expression of these constructs in cells along the
leading edge of the germ band does not prevent retraction (Schöck
and Perrimon, 2002). Furthermore, retraction fails in integrin
(scab, myospheroid), laminin (wing blister) and laminin-regulating
(scarface) mutants that disrupt cell-matrix interactions (Leptin
et al., 1989; Schöck and Perrimon, 2003; Sorrosal et al., 2010).
Integrin-mediated adhesion is required to anchor and allow active
migration of amnioserosa cells over the caudal end of the germ
band (Schöck and Perrimon, 2003).
Laser microsurgery has previously been used to delineate the
mechanical contributions of tissues to their motions during
development (Hutson et al., 2003; Kiehart et al., 2000; Peralta
et al., 2007; Rauzi et al., 2008). Here we use laser microsurgery to
probe the mechanical role of the amnioserosa and the germ band
during retraction. The advantage of laser microsurgery is its spatial
and temporal control. By investigating individual segments of the
germ band, we determine that segments around the curve of
the germ band behave in a way that is distinct from the rest of
the tissue. Using laser microsurgery we are also able to design
incisions in the amnioserosa that separate its biochemical and
mechanical contributions to retraction.
Materials and methods
Fly strains
The primary Drosophila melanogaster strain used in these
studies was ubi-DE-Cad-GFP (Oda and Tsukita, 2001) (Drosophila
Genetic Research Center, Kyoto, Japan), which ubiquitously
expresses E-Cadherin–GFP to label epithelial cell junctions. Where
noted, we used the strain sGMCA-3.1 (3rd chromosome insertion;
gift from DP Kiehart, Kiehart et al., 2000) to label actin ﬁlaments or
Lachesin–GFP (Edenfeld et al., 2006) to more fully label the cell
surface. Cell shapes in u-shaped (ush) mutants (Frank and
Rushlow, 1996) were analyzed by secondary antibody staining of
unretracted embryos collected from a ush2 cn1 bw1 sp1/CyO stock
(Bloomington Stock Center, Bloomington, IN).
Slide preparation and live embryo imaging
Slides of 20–30 embryos from 2 h collections were made
following a modiﬁed version of previously published procedures
(Ma et al., 2009). After collection, embryos were kept at approxi-
mately 15 1C until reaching germ band retraction. Some embryos
were used directly after this incubation period, others were stored
for a few hours at 4 1C to halt development, and later warmed
during slide preparation back to room temperature. No differences
Fig. 1. Contour staging method. (A) Lateral view of an E-cadherin–GFP embryo in early germ band retraction showing a staging contour (black dashed line surrounded by
white) that follows the amnioserosa-germband interface from segment boundary T3/A1 to A7/A8. The white arrows denote global anterioposterior (A–P) and dorsoventral
(D–V) axes. The white arrowhead at top left denotes the thin bridge of cells that connects the two lateral ﬂanks of amnioserosa. (B) Similar view and staging contour for an
embryo in late germ band retraction. (C) Representative members of the standard set of contours. Colors shade from red to blue as the embryo progresses from early to late
germ band retraction. (D) Temporal overlap between the eight time-lapse image sets used to construct the standard set. (E) Matrix of p-values for the alignment of each
member of a “test” contour set against each member of the standard set. Darker colors correspond to more signiﬁcant p-values and denote the best matches between sets.
(F) Staging plot showing contour-based progression of the “test” set through germ band retraction: best ﬁt (solid line); 95% conﬁdence region (dark gray shading); and average
progression rate of the standard set (dashed line)7two standard deviations (light gray shading).
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were detected. Embryos were dechorionated in a 50% bleach
solution, arranged on their lateral side and mounted to a cover
slip using embryo glue. The embryos were left uncovered on the
slide for approximately 3 min before being covered in halocarbon
oil 27 (Sigma-Aldrich, St Louis, MO). This exposure lead to a slight
dehydration that enabled ﬂattening of the embryo, allowing more
complete lateral images on a confocal systemwithout using multiple
depth slices. The embryos were ﬁnally mounted in a metal slide
between the cover slip and an oxygen permeable membrane (YSI,
Yellow Spring, OH). Images were captured using a Zeiss LSM410
laser-scanning confocal microscope (inverted) with a 40 , 1.3 NA
oil-immersion objective. The scanning time was 8 s per frame.
Immunoﬂuorescence microscopy of ﬁxed embryos
For immunoﬂuorescence of ush mutants, embryos from the
balanced ush/CyO stock were collected as above, aged for a time
normally equivalent to Bownes' stage 14, ﬁxed in methanol,
stained with monoclonal mouse anti-α-Spectrin (Antibody 3A9,
Developmental Studies Hybridoma Bank, University of Iowa), and
then with Alex Fluor 488 donkey anti-mouse IgG (Molecular
Probes, Life Technologies, Grand Island, NY). These embryos are
a Mendelian mix of ush/ush, ush/CyO and CyO/CyO—the latter
viable through late embryogenesis (Hsouna et al., 2010; Means
and Hays, 2007). Presumably ush/ush embryos are identiﬁed from
confocal images as those with an unretracted phenotype and no
remaining amnioserosa cells.
Laser microsurgery system
Laser microsurgery was conducted using the above confocal
microscope coupled with the 3rd harmonic (355 nm) of a
Q-switched Nd:YAG laser (5 ns pulsewidth, Continuum Minilite
II, Santa Clara, CA). The ablating laser was targeted to speciﬁc
regions of ﬂy embryos using a computer-controlled steering
mirror and a custom plug-in for ImageJ (NIH, Bethesda, MD). This
plug-in allows users to draw various shapes on a recently obtained
image and directs the ablating laser along the user-deﬁned path.
Extended incisions were created using multiple pulses with the
physical distance between ablation sites controlled by the steering
mirror's scan speed. At a 10-Hz repetition rate, achieving smooth
cuts required slow scanning speeds, 2 s for a 15-mm line.
Developmental staging via contour matching
We staged embryos' progress through germ band retraction
using a contour-matching algorithm. This method augments con-
ventional staging based on the anterioposterior position of the
caudal end of the germ band (as a fraction of egg length) and can
be used during post-processing of confocal images in which the
ends of the embryo and the caudal end of the germ band are not
visible. We use the contour of the amnioserosa-germ band
boundary from the interface between segments T3/A1 to that
between segments A7/A8 (Fig. 1A,B). The core of the algorithm is a
least squares regression to ﬁnd the best alignment of two contours
—allowing rotation, translation and scaling (Markovsky and
Mahmoodi, 2009). We conducted exhaustive regression among
contours from eight time-lapse image sequences to build a
standard set of contours. Fig. 1C shows representative members
of this standard set; Fig. 1D shows the temporal overlap between
the time-lapse image sets that provided redundant coverage of the
complete time course of germ band retraction. As an example, we
stage an additional time-lapse image sequence, or set of “test”
contours. We ﬁrst perform an exhaustive least squares alignment
between each contour of the “test” set and each contour of the
standard set. Estimating the expected variance in aligning
contours from our previous assembly of the standard set, we use
a χ2 test to construct a matrix of p-values representing the quality
of these alignments (Fig. 1E). The best-matching standard contour
for each test contour is used as a measure of progression through
germ band retraction (Fig. 1F). We also determine a conﬁdence
interval for the staging using a variance based on the best
alignment and deﬁning the conﬁdence interval to include all
standard contours that aligned with a given test contour with
po0.05. As the staging results for this test set show, the contour-
staging algorithm is most reliable in mid to late germ band
retraction. In early retraction, the staging is less precise because
the chosen contour does not vary strongly with time. This algo-
rithm can even be used on the fairly abnormal contours observed
during laser-microsurgery experiments, with the caveat that the
conﬁdence interval can get quite wide. Contour alignments for
staging were run using Mathematica (Wolfram Research,
Champaign, IL).
Analysis of cell shape and alignment
Images were segmented to analyze cell shape using either
Packing Analyzer (Aigouy et al., 2010) or SeedWater Segmenter
(Mashburn et al., 2012). We tracked cell shape changes via both
the average cellular aspect ratio and a cellular area moment of
inertia tensor (Weisstein, 2013),
J ¼∑
i
y2i xiyi
xiyi x2i
" #
ΔxiΔyi ð1Þ
where xi and yi are the coordinates of a single pixel (relative to the
cell's centroid), Δxi and Δyi are the dimensions of that pixel, and
the sum is taken over all image pixels i belonging to a single cell.
This J tensor maintains information on cellular orientation that is
lost in a simple averaging of aspect ratios. For example, the
rotation that diagonalizes this tensor (to J') yields the direction
of one of the cell's principal axes (equivalent to the axes of its best-
ﬁt ellipse). We take α as the direction of the cell's longest principal
axis and track cell elongation through the ratio of the cell's
extension along its two principal axes
κ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
J′max
J′min
s
ð2Þ
where J'max is the largest diagonal entry in the rotated J' tensor
and J'min is the smallest diagonal entry. κ is equal to the aspect
ratio of a cell's best-ﬁt ellipse. The J tensors for multiple cells can
be averaged together and then used to calculate α and κ for a
composite cell. This averaging at the tensor level maintains a
dependence on the elongation direction, e.g., if all the cells had
individual aspect ratios of two and all were aligned in the same
direction, then the composite κ would also be two, but if the cells
were randomly oriented, then the composite κ would be close to
one. Tracking both κ and mean aspect ratio enables a more
complete description of cell shape and orientation changes. Note
that the reported angles α are calculated based on the local
segment coordinates. Thus, an angle has the same meaning
within the segment regardless of the segment's current position
in the embryo. Post-segmentation analysis of cell shapes
was also conducted using Mathematica (Wolfram Research,
Champaign, IL).
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Image analysis
Routine analysis and image adjustments, e.g., brightness/contrast
and inversion, were performed in Image J (NIH, Bethesda, MD).
Results
External forces on the germ band
If the amnioserosa plays an active mechanical role in germ
band retraction, then segments of the germ band should experi-
ence an external force in the direction along which the amnioser-
osa contracts. Since the germ band reshapes drastically during
retraction, this assessment is best done in a series of local
coordinate systems, one for each germ band segment, and by
allowing the local coordinate system to move with the segment. In
each local coordinate system, the y-direction is deﬁned to stretch
from the edge of the embryo to the amnioserosa (Fig. 2C-inset, red
arrows), bisecting the angle between the segment's boundaries;
the x-direction is perpendicular to that (Fig. 2C-inset, blue arrows).
We deﬁne the local coordinate systems so that the positive
x-direction is in the direction of segment motion (caudal to rostral)
and the positive y-direction is in the direction of the amnioserosa.
To determine if the germ band is subject to any external forces,
we examined how the tissue reacts to small laser incisions. In each
segment of the germ band, we made 15-mm line cuts along the
x and y direction (NZ5 per direction per segment; only one cut
per embryo) (Fig. 2A, B respectively). In response to each incision,
the tissue recoils from the ablation site, the wound reaches a
maximum area, and then begins to heal (Fig. 2C).
Since germ band retraction is a dynamic system, forces on the
germ band may not be constant. We thus selected embryos
to wound based on maintaining a uniform average pre-
wounding stage: 〈R〉¼36730% retracted when averaged over all
wounding experiments. The pre-wounding stages within a set of
experiments corresponding to any single segment and direction
had a mean standard deviation of 29%. The mean stage varied
across segments and directions with a standard deviation of 15%.
Fig. 3 shows the results of our comparison of these wounds at their
maximum expansion. For a given segment, the wound sizes are
similar in either direction. In contrast, several segments had
signiﬁcant direction-dependent differences in aspect ratio
(po0.05 using Student's t-test with unequal variances). These
segments (A4, A5, and A7) spend a large fraction of retraction in
the curve of the germ band. For each, the largest aspect ratio was
for incisions made in the y-direction – towards the amnioserosa.
These results suggest the hypothesis that anisotropic stresses in
segments A4, A5 and A7 are caused by forces exerted on the germ
band by the amnioserosa. To test this hypothesis, we made
additional linear incisions in segment A5 and nearly simulta-
neously (within 10 s) ablated of one ﬂank of the amnioserosa.
These linear incisions opened up over several minutes to mean
areas and perimeters similar to those above, but their aspect ratios
were different. With concurrent ablation of the amnioserosa, the
mean aspect ratio7one standard deviation for incisions along the
x-axis of segment A5 was 1.0070.42 (N¼6), and that for incisions
along the y-axis was 1.6570.52 (N¼5). Ablating half the amnio-
serosa thus leads to a fairly strong reduction in the anisotropy of
wounds along the y-axis of segment A5, which was 2.2970.28
Fig. 2. Orientation of linear incisions in the germ band. (A) Targeted area for a 15-
mm long laser incision along the x-axis of segment A5. (B) Same along the y-axis of
A5. (C) Dynamics of wound area versus time for incisions along the x- (blue) and
y- (red) axes of segment A7 mean (solid lines)7one standard deviation (shaded
areas). This graph is typical for both directions in all segments. The inset shows the
orientation of segment-speciﬁc x- (blue) and y- (red) axes.
Fig. 3. Segment-dependence of wound expansion after 15-mm linear incisions.
(A) Area (mm2), perimeter (mm) and aspect ratio (L/W) of wounds at maximum
expansion for incisions along the local segment-speciﬁc x- (blue triangles) or y- (red
squares) axis. Error bars indicate7one standard deviation. Signiﬁcant differences
(po0.05) in wound parameters for orthogonal incisions in a single segment are
highlighted and marked with an asterisk. (B) Graphical representation of wound
aspect ratios overlaid on an embryo at mid-germ band retraction. To emphasize
regions with differences in aspect ratio the length of each double-headed arrow is
L/W1. Arrows are aligned with the local segment-speciﬁc axes. Scale bar is 20 mm.
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when the amnioserosa was intact. With this reduced anisotropy
and with the larger variances observed after amnioserosa ablation,
the shapes of wounds along the x- and y-directions were not
signiﬁcantly different. The p-value for this comparison is border-
line (p¼0.055), so although these results support a model in
which stress anisotropy in the germ band arises from forces
generated in the amnioserosa, they do so only weakly. The
complex wound healing response initiated around the ablated
ﬂank of amnioserosa prohibits this experiment from being more
conclusive.
We also made similar linear incisions in the amnioserosa.
Unfortunately, due to the drastically elongated shape of amnioser-
osa cells, it is not possible to wound several cells along the tissue's
long axis with the same cut length used across the short axis.
We therefore performed these incisions in sGMCA ﬂies, a strain in
which subcellular wounds can be seen in the amnioserosa
(Ma et al., 2009). As for the germ band, the maximally expanded
wounds for the two directions were of approximately the same
size. Even though the difference between aspect ratios for the two
directions was noticeable, it was not signiﬁcant (p¼0.29) because
the long-axis wounds were not sufﬁciently reproducible.
Role of the amnioserosa
To further test the necessity of the amnioserosa for retraction,
we conducted another series of ablations in which we destroyed
parts of the amnioserosa and noted the effects. Since minor
incisions in the amnioserosa can heal, we quantiﬁed the progres-
sion of retraction using a contour staging method that is sensitive
to even transient disruptions of retraction.
We start with a series of line incisions that destroyed the
amnioserosa on one lateral side of the embryo (Fig. 4A). Although
this leaves the other half of the amnioserosa intact, it is sufﬁcient
to halt germ band retraction (Fig. 4A'–A"). We conducted addi-
tional experiments to visually conﬁrm that the amnioserosa is still
intact on the other side. Thus, ablation of half the amnioserosa is
sufﬁcient to yield a failure of germ band retraction; however, the
detailed morphology of this ablation-induced failure differs subtly
from that observed in mutants of the u-shaped group (ush,
hindsight and serpent) in which the entire amnioserosa undergoes
premature apoptosis (Frank and Rushlow, 1996; Yip et al., 1997).
This difference lies primarily in the ablation-induced twisting of
the unretracted germ band (see Discussion).
We then conducted a series of less destructive ablations to
determine the relative importance of various sections of the
amnioserosa – for example, sections close to and far removed
from contact with the curve of the germ band (Fig. 4B, C). Two-line
ablations of both regions cause incomplete retraction; however,
the defects are much less severe (Fig. 4B", C") than the failure
caused by destruction of half the amnioserosa. Interestingly, the
largest difference between these two cut designs is the shape of
the germ band after retraction should have completed. Cuts made
in the posterior curve of the germ band result in a narrower bend
than those made closer to the anteriodorsal surface (Fig. 4B', C').
To test whether this effect is mechanical and not due to an
interruption of biochemical signaling between the amnioserosa
and germ band, we cut along the center of the amnioserosa's long
axis, destroying its mechanical integrity, while leaving cells
directly adjacent to the germ band intact (Fig. 4D). These wounds
all caused at least a transient disruption, typically stalling retrac-
tion for about 30 min (Fig. 4D"). Most of these wounds heal; after
wound healing begins, germ band retraction tends to resume. The
one embryo that did not heal was also the one that never resumed
retraction (Fig. 4D', and the blue line in Fig. 4D").
As a last test to distinguish between a biochemical and
mechanical role for the amnioserosa, we consider what happens
when short-range signaling is disrupted, but the mechanical
integrity of the tissue is left intact. To this end, we ablated along
the border between the amnioserosa and germ band (Fig. 4E–G).
These incisions are fairly small and heal quickly. None even
transiently disrupted retraction (Fig. 4E"–G").
Germ band changes in the absence of retraction
Since ablation of the amnioserosa disrupts overall retraction,
we then proceeded to investigate its impact on cell shape changes
in the germ band. Despite an absence of retraction due to the loss
of one lateral side of the amnioserosa (Fig. 4A), furrow formation
and some cell shape changes still occur (Fig. 4A', Fig. 5).
At the start of retraction, cells in the curve of the germ band
and along its ventrolateral aspect are only slightly elongated:
〈aspect ratio〉¼1.5770.06 and 〈κ〉¼1.1570.11 at a staging of
〈R〉¼6719% retraction (N¼2 segments in each of 5 embryos with
20–50 cells per segment). The mean composite κ is lower than the
mean aspect ratio because the cells are only weakly aligned. By the
end of germ band retraction (〈R〉¼90712%), the cells become
more elongated and more strongly aligned: 〈aspect ratio〉¼
1.7270.18 and 〈κ〉¼1.3970.12. This trend is also evident in the
rose diagrams of the control group in Fig. 5. In later stages of
retraction, more cells are oriented with their long axis towards the
amnioserosa (more darkly shaded sectors near 901) and these cells
have longer aspect ratios (increased length of these sectors).
Although cells in control embryos elongate and align similarly
in segments A2 and A5, these segments behave very differently
when the amnioserosa is ablated. After ablation of one ﬂank of the
amnioserosa, elongation and alignment in segment A2 is nearly
eliminated. The mean aspect ratio and mean composite κ them-
selves give no indication of elongation (〈aspect ratio〉¼1.4770.02
and 〈κ〉¼1.1670.11 for N¼5 embryos with 〈R〉¼9279%), and the
corresponding rose diagram in Fig. 5 has sectors near 901 that are
only slightly longer and darker. Looking at the individual experi-
ments (Supplemental Fig. S1), post-ablation alignment of cells in
segment A2 was only evident in two of ﬁve embryos.
On the other hand, despite ablation of the amnioserosa, cells in
segment A5 elongate and align normally: 〈aspect ratio〉¼
1.7670.05 and 〈κ〉¼1.4570.08 for N¼5 embryos with 〈R〉¼
87714%. This indicates that cell elongation occurs normally for
a segment along the germ band's curve, even without a complete
amnioserosa, and even in the absence of retraction. The late stage
rose diagrams for segment A5 in control and ablated embryos
differ only by a slight shift in the alignment direction (last column
of Fig. 5), but inspection of the individual experiments shows that
this shift is primarily due to a very large alignment shift in just one
of ﬁve embryos (Supplemental Fig. S1).
These results provide an interesting contrast with those in
previous sections. During mid-retraction, segments in the curve of
the germ band have high stress anisotropy – with large tensile
stresses in the direction of the amnioserosa – but ablation of the
amnioserosa has almost no effect on these cells' elongation and
alignment. In a nearly opposite fashion, segments along the
ventrolateral aspect of the germ band display low stress aniso-
tropy, but their elongation is highly dependent on having an intact
amnioserosa. These results are at odds with a simple model in
which tension from the amnioserosa helps elongate and align
germ band cells, and ablation of the amnioserosa simply removes
this normally assistive tension.
One obvious complication of these ablation experiments is
their limitation to removing just half the amnioserosa. For com-
parison, we imaged ush mutant embryos with an unretracted
phenotype in which the amnioserosa dies prematurely. Using a
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Fig. 4. Laser ablation of the amnioserosa during germ band retraction. (A–G) Confocal images of ﬂy embryos before ablation of the marked regions (blacked dashed lines
surrounded by white). (A'–G') Same embryos after ablation. Images were taken at the time when germ band retraction would have completed in an unablated embryo. The
common scale bar in G' represents 20 mm. (A"–G") Staging graphs corresponding to the ablation designs of A–G. Each colored curve represents retraction progress of a single
experiment (shaded regions denote staging conﬁdence intervals). The standard retraction rate (dashed line)7two standard deviations (light gray shading) is shown for
comparison. Curves similar in slope to the dashed line are retracting normally. Horizontal curves have stopped retracting.
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balanced ush/CyO stock, the Mendelian mix of embryonic geno-
types allowed use of presumably wild-type and heterozygous
embryos to gauge the collection's approximate developmental
stage. By waiting long enough for most embryos to progress into
mid dorsal closure (stage 14), there was a clearly identiﬁable
minority of embryos that remained unretracted. Confocal images
of unretracted embryos that were ﬁxed and stained with anti-α-
Spectrin antibodies showed a complete absence of amnioserosa
cells and almost no elongation or alignment of germ band cells
(Fig. 5C–E). Cells in segment A5 did not elongate beyond what was
normally observed in early germ band retraction (〈aspect ratio〉¼
1.5070.05 and 〈κ〉¼1.1170.08 for N¼5 embryos) and those in
segment A2 barely elongated (〈aspect ratio〉¼1.5970.12 and 〈κ〉¼
1.2970.16 for N¼5 embryos). These results are clearly different
from what we observed after ablation of the amnioserosa – most
notably in segment A5. The implications of these differences are
discussed in detail in the Discussion.
Behavior of isolated germ band cell patches
To further investigate the mechanical autonomy of cell shape
changes in the germ band, we used laser microsurgery to isolate
small patches of germ band (N¼21 patches with 9 to 63 cells
each). This isolation was only with regard to apical connections.
Imaging of Lachesin–GFP ﬂies clearly showed that these patches
remained attached to a more basal layer. After such apical isola-
tion, some cells in a patch would expand while others contracted.
Within 10 min, these cell shape changes lead on average to a
20% reduction in mean cell area, but no change in mean cellular
aspect ratio. Within 20 min, isolated cell patches either faded
away completely (9 of 21) or reattached (12 of 21). That time span
is too short and the normal rate of cell elongation in the germ
band is too slow to conclusively determine whether mechanically
isolated germ band cells continue to elongate. The limited con-
clusion one can draw is that external forces from tissue-wide
tensile stress are not required to maintain cell elongation.
Discussion
The expansion of line incisions in the germ band indicates that
all segments are under tension. The local anisotropy in this tension
is revealed by the differential response of wounds made parallel to
the local x- or y-axis. As shown in Fig. 3, all of the wounds lost
their initial high aspect ratio as they expanded, but wounds in
segments A4, A5 and A7 maintained a higher aspect ratio when
the incision was parallel to the local y-axis. This suggests that the
local stress in those segments is greatest in the y-direction, i.e.,
towards the amnioserosa. During mid-retraction, 〈R〉¼36730%,
this anisotropy is most evident for segments in the curve of the
germ band; however, due to the dynamic nature of germ band
retraction, these observations of stress anisotropy have a limited
domain of applicability. They should only be considered a snap-
shot of the mechanical stress ﬁeld. Stress anisotropy may be
absent in these segments or present in other segments in earlier
or later stages. Certainly, shape anisotropy in the amnioserosa is
even stronger and more widespread in earlier stages, but by mid-
retraction, it is limited to the amnioserosa's most posterior
regions. Nonetheless, these results are clearly consistent with the
amnioserosa assisting mid-retraction movements by pulling on
the crook of the germ band. Such a role was previously suggested
based on the convexity of the amnioserosa-germ band interface
(Schöck and Perrimon, 2002). The only segment from the curve
that is missing from the list above is A6, which also had a higher
aspect ratio for wounds parallel to the local y-axis. Variability was
extremely high in this segment and the aspect ratio difference was
not statistically signiﬁcant.
Fig. 5. Dynamic elongation and alignment of germ band cells in normal, laser-
perturbed and ush mutant embryos. Each rose diagram compiles data from N¼5
embryos to detail cell shape and orientation. The shading of each sector represents
the fraction of cells aligned in a particular direction – darker for larger fractions
(grayscale bar at the bottom of the ﬁgure). The length of each wedge is proportional
to the mean aspect ratio of cells aligned within that sector. An aspect ratio scale is
provided by tick marks on the radial axis, a semicircle at a mean aspect ratio of 1.5,
and labeling of sectors with the most elongated cells. An angle of 901 represents
alignment of cells towards the amnioserosa, i.e., along the local y-axis. (A, B)
Dynamic cell shape changes tracked in segments A2 (A) and A5 (B) from early to
late germ band retraction and in both control embryos and those in which one
ﬂank of the amnioserosa was ablated. The range of stages (R¼% retraction)
included in each control group is noted above each rose diagram as the mean7one
standard deviation. Control embryo images were stage-matched to the ablated
embryo images based on pre-ablation stage and the elapsed time between pre- and
post-ablation images (1–2 h). A full set of individual rose diagrams for the ablated
group is included as Supplemental Fig. S1. (C) Confocal ﬂuorescent image of a ush/
ush embryo with anti-α-Spectrin staining. Scale bar is 40 mm. Although this embryo
should have progressed to stage 13 or 14, it shows no evidence of any remaining
amnioserosa cells and its germ band is unretracted. (D, E) Rose diagrams of cell
elongation and alignment in ush/ush embryos that failed to complete germ band
retraction. There is very weak alignment of cells in segment A2 (D) towards where
the amnioserosa would have been (near 901) and essentially no extension or
alignment of cells in segment A5 (E).
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If the amnioserosa is pulling on segments in the crook of the
germ band, then cuts made along the amnioserosa's long axis
should also have a higher aspect ratio than cuts made along its
short axis. Unfortunately, just as for segment A6, we do observe a
higher aspect ratio for the appropriate cuts, but variability is too
high for this difference to be statistically signiﬁcant.
Further support for a mechanical role for the amnioserosa
comes from our series of destructive ablations within the amnio-
serosa (Fig. 4A–D"). These results are consistent with the hypoth-
esis that the amnioserosa pulls on segments in the curve of the
germ band to provide a mechanical assist for the germ band's
uncurling; however, these results should not be construed to
imply an exclusively mechanical role. No matter how carefully
done, laser ablation is a crude tool in the sense that it removes
both mechanical and biochemical contributions of the ablated
cells. The results here only show that the amnioserosa has an
important mechanical role in addition to any role as a source of
inductive signals.
In the different ablation protocols shown in Fig. 4, ablation of
more amnioserosa cells generally results in more severe retraction
defects. Part of this trend is attributable to the embryo's inability
to heal some large wounds. The wounds of Fig. 4D–D' offer an
instructive example in which embryos that eventually fail to
retract are those that fail to close the ablation-induced wound.
Nonetheless, this same example provides evidence for the amnio-
serosa's mechanical role. Ablation of a linear incision along the
amnioserosa midline delayed retraction in all disrupted embryos,
but only until the wound healed. This could be caused by two
classes of mechanisms: (1) wound healing restores the amnioser-
osa's mechanical integrity and ability to generate contractile
forces; or (2) amnioserosa cells around unhealed wounds fail to
secrete their normal biochemical signals or secrete novel signals
that suppress cell shape changes in the germ band. The latter is a
possibility, but the former is a near certainty. Thus, the transient
disruption of retraction – even when cells adjacent to the germ
band are undisturbed – suggests that the amnioserosa's role is not
limited to paracrine or juxtacrine signaling; the amnioserosa's
mechanical integrity is crucial. Corollary experiments speciﬁcally
ablated amnioserosa cells that were directly in contact with the
germ band (Fig. 4E–G"), but these ablations had no discernable
effect on retraction. These experiments only show that any signals
secreted by the amnioserosa must be longer range than one to
two cells.
Other experiments show that amnioserosal forces are not the
sole driver of germ band retraction, but are instead assistive – at
least under normal mechanical conditions. First, segmental fur-
rows form in the germ band regardless of whether the amnioser-
osa is intact or not. Second, patch isolation experiments show that
elongated germ band cells remain elongated even after isolation
from amnioserosa-generated tension. A third observation – that
some germ band cells elongate normally even after ablation of one
ﬂank of the amnioserosa (Fig. 5B) – could also be interpreted as a
germ band autonomous contribution; however, these cells do not
elongate normally in ush mutants in which the entire amnioserosa
dies prematurely (Fig. 5E). Alternative interpretations of these
conﬂicting results are discussed below.
Comparison of ablation- and mutation-induced failures in germ band
retraction
Disruption of the amnioserosa via laser ablation certainly
disrupts its mechanical and biochemical contributions to devel-
opment, but laser ablation also drives secondary effects – most
notably a wound healing response – that could alter the pattern of
stress ﬁelds and the activation of biochemical signaling pathways
in surrounding tissues. Such secondary effects are unavoidable, but
can hopefully be identiﬁed by careful comparison of primary
disruptions with different secondary effects, e.g., ablation versus
mutation.
The principal relevant comparison is between ush mutants in
which the entire amnioserosa dies prematurely and large-scale
laser ablation of one lateral ﬂank of the amnioserosa. Both
certainly and reliably cause failure in germ band retraction
(Fig. 4A–A" and 5C), but the unretracted morphologies differ. First,
ablation of one lateral ﬂank of the amnioserosa causes the embryo
to twist. This is especially evident for cells in the crook of the germ
band, some of which move around the posterior end of the
embryo towards the other ﬂank of intact amnioserosa. In ush
mutants, such twisting is seen, but only occasionally. We do not
have live imaging of ush mutants to see whether this occasional
twisting occurs when there is asymmetric cell death in the two
ﬂanks of amnioserosa, but that is certainly what one would expect.
Second, ablation of half the amnioserosa suppresses elongation of
ventrolateral germ band cells (Fig. 5A, segment A2), but allows
near normal elongation for those in the crook of the germ band
(Fig. 5B, segment A5). Oddly, cells normally subjected to the
largest pulling forces from the amnioserosa (A5) are the ones that
actually elongate most after ablation of half the amnioserosa. In
contrast, the unretracted phenotype of ush mutants is associated
with a near complete loss of elongation for cells in both segments
A2 and A5 (Fig. 5D–E). In fact, the little remaining elongation is
stronger in A2 than in A5, opposite what is observed after ablation.
We suggest that the apparent contradiction is traceable to an
oversimpliﬁcation of the tissue mechanics after ablation of just
half the amnioserosa. Because the other lateral ﬂank of amnioser-
osa remains intact, such ablations do not simply remove amnio-
serosa tension, but instead strongly disturb the normal pattern
of tensile stress. The new pattern would lead to twisting of the
germ band, continued anisotropic tension in segments A4–A7
(strongest in the local y-direction), and increased tension along
the x-direction of ventrolateral segments T1–A3. Cells in segment
A5 would still be subjected to a stress anisotropy in the y-direction
and thus extend and align normally. Cells in segment A2 would
now be subjected to an aberrant stress in the local x-direction that
suppresses their normal y-directed elongation. This hypothesis
could be tested in the future by computational modeling, video
force microscopy or long-term double-ablation experiments in
which anisotropy is probed in more than just segment A5 long
after removal of half the amnioserosa. Evenwithout such tests, it is
clear that ablation of just half the amnioserosa poorly recapitulates
ush mutants. Both convey important information about the role of
amnioserosa cells in germ band retraction, but they are not
equivalent. We have attempted laser ablation of both ﬂanks of
amnioserosa, but have thus far been unsuccessful.
A second and more favorable comparison is between the βPS
integrin mutant myospheroid (mys) and ablations that disrupt
anteriodorsal regions of the amnioserosa (Fig. 4C–C'). Such abla-
tions lead to incomplete retraction. Although some amnioserosa
cells remain attached to the posterior crook of the germ band,
there is a large dorsal gap with no amnioserosa cells. This closely
resembles the morphology of mys embryos (Schöck and Perrimon,
2003) in which loss of integrin function prevents amnioserosa cells
from attaching to and crawling over the caudal end of the germ
band. Without this anchor, contraction of the amnioserosa pulls its
cells near the end of the germ band down into the embryo interior.
In the matching ablation protocol, the targeted region is quite
close to the caudal end of the germ band and could easily disrupt
connections in that region that normally anchor the amnioserosa.
The ablation protocol of Fig. 4B–B', which removes a similar sized
region of amnioserosa, also yields incomplete retraction, but its
morphology is quite different. The much narrower gap of missing
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amnioserosa cells is now in the crook of the germ band. Thus, the
morphology of mys mutants is closely and speciﬁcally matched by
embryos in which anteriodorsal regions of the amnioserosa are
ablated. This is strong supporting evidence that adhesion between
the caudal end of the germ band and overlying amnioserosa cells
plays a key role in the mechanics of germ band retraction.
Conclusions
Our observations suggest an interesting model for germ band
retraction, one in which both tissues play a role. Successful germ
band retraction clearly requires mechanical integrity of the
amnioserosa. This requirement does not exclude additional juxta-
crine and/or paracrine signaling roles, but the amnioserosa gen-
erates critically important forces. Nonetheless, these forces do not
directly assist cell shape changes in all segments of the germ band.
In some, particularly those in ventrolateral regions, the mechanical
role of the amnioserosa is more permissive – its intact presence
prevents aberrant patterns of mechanical stress that can prevent
normal cell elongation. Together these results lend credence to a
model where some of the germ band changes are mechanically
autonomous, but where the amnioserosa is anchored to the caudal
end of the germ band, contracts dorsoventrally, and thus assists
uncurling of the germ band by speciﬁcally pulling on segments
around its posterior curve. Segments of the germ band in this
region behave differently from those in its more ventral or dorsal
sections. They are mechanically distinct, but more work is needed
to explore these segmental differences.
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